Periphyton grazing by the marine isopod Idothea chelipes was studied by exposing periphyton grown on glass slides to a gradient of grazer densities. An analysis of the algal growth rates and their relationships to grazer density revealed two groups of algae. The unicellular diatoms Licmophora ehrenbergii, Fragilaria tabulata, Navicula spp., Cocconeis costata, and the green alga Ulothrix implexa had high maximal gl'owth rates (0.90-1.47 d-l) and suffered high grazing losses (0.41-0.68 d--l per grazer ind.). The tube dwelling diatc,m Amphipleura rutilans and the cyanobacteria Lyngbya confervoides and Spirulina subsalsa had low maximal growth rates (0.38-0.81 d-l) and suffered only moderate grazing losses (0.10-0.27 d-l per grazer ind.). The species of the first group seemed to be less strongly resource limited than did the species of the second group. Grazing by I. chelipes has the potential to drive succession from the well-edible to the less edible periphyton species.
Grazing on marine benthic microalgae has received much less attention than has grazing on phytoplankton. Most studies have concentrated on bulk effects on biomass, but not on selectivity, between algal species. Most selectivity studies in marine benthic herbivory have concentrated on selectivity between macrophytes and microalgae (Hawkins and Hartnoll 1983; Peduzzi 1987) , cleaning of macrophytes from their microalgal epiphytes (Neckles et al. 1993 ), or selectivity between macrophytes (Schaffelke et al. 1995) . Herein, I present results of in situ experiments where periphyton grown on artificial substrates have been exposed to gradients of Idothea chelipes densities. Its congener Idiothea baltica is an omnivore with a broad food spectrum that includes benthic microalgae, filamentous algae, macroalgae, detritus, animals, and even occasional cannibalism. Despite its omnivory, I. baltica is quite selective within food categories. Among macroalgae there is a clear preference of Fucus vesiculosus over Fucus evanescens (Schaffelke et al. 1995) ; within filamentous algae, germlings of the green alga Enteromorpha spp. are preferred over germlings of the brown alga Pilayella litoralis while adult P. litoralis are preferred over adult Enteromorpha (Schramm et al. 1996) . In the western Baltic Sea, Zdiothea spp. are among the most important benthic herbivores.
Theory
In the absence of guts analysis or direct observations of ingestion, feeding selectivity can best be analyzed by comparing mortality rates due to grazing (grazing rate, 7) between food species (Sterner 1989) . When ignoring other sources of mortality, y can be calculated from the gross growth rate (p) and the net growth rate (r) in the presence of a grazer (y = p -r). However, ~1 could increase in the grazer treatment compared to the grazer-free control. This effect is usually ascribed to nutrient excretion (Sterner 1985; Elser et al. 1988 ), but other explanations are also possible, especially in dense biofilms as studied here. Such explanaAcknowledgments Technical assistance by Cordula Stielau and Britta Johannsen is gratefully acknowledged. tions include ..mproved light conditions because of reduced self-shading, a better supply of CO,, regeneration of space, and reduced allelopathic effects. The problem of a changed p can be solved by exposing algae to a gradient of grazer densities. Two assumptions are needed for the model in Fig.  1 ; that is, bol:h the grazing rate and the improvement of growth conditions are a linear function of grazer density (G) while the growth response of the algae saturates at p,,,,,. Three outcomes are possible if r is plotted against G. If there is no density-dependent reduction of p, it will be constant at its resource-saturated level pnlilX, and r will be a linear function of grazer density. If p is under density-dependent control, /L will be a saturating function of G, resembling for example a trurcated Monod curve. The function r vs. G will be a monotonously declining curve if the slope of y vs. G is steeper than the initial slope of ,X vs. G. It will be a unimodal curve if the initial slope of ,X vs. G is steeper than the slope of ~1 vs. G. As soon as p approaches plnax, the curves of r vt. G approach linearity. A backward extrapolation of the linear portion to zero grazer density will yield an estimate of pL,,,,. The negative slope of the linear portion is identical to mortality induced by one grazer individual (i.e. specific grazing rate, g = y/G).
Materials ancl methods
Experiments were conducted in the littoral zone close to the Maasholm field station of the Institut fur Meereskunde. This field station is at the northern side of the opening of the Schlei Fjord in the western Baltic Sea. Mean water depth at the experimental site is -0.5 m. Tides are unimportant, but wind-driven water level changes may amount to 0.5 m. The bottom is flat and sandy with local overlays of unconsolidated fresh sediment. Interdispersed boulders are covered by the macroalga F. vesiculosus, which serves as shelter for mobile inverte 3rates, including I. chelipes. Under appropriate wind conditions, drifting mats of P. Zitoralis aggregate at the study site.
Sand-blasteci microscopic slides were exposed at 20-30-cm depth until a visible periphyton film had developed (2-4 weeks). At the start of the grazing experiments, drifting PiZayeZZa filaments were removed from the slides. Three Grazer density Fig. 1 . Hypothetical relationship between gross growth rates (p), grazing rates ('y), and net growth rates (Y) with grazer density. slides were preserved with Lugol's iodine for the counts of initial densities of the algae. Adult I. chelipes individuals of 20-25-mm body length were collected from the Fucus bundles. The grazing experiments were conducted in opaque plastic cylinders of 30-cm height and lo-cm diameter. The cylinders were pushed -10 cm into the sediment. A movable plastic lid inside the cylinder was pushed to the sediment surface in order to prevent I. chelipes from feeding at the sediment surface. The periphyton slide was suspended near the center of the cylinder. The tubes were filled with a variable number of I. chelipes (Table 1 ) and covered by plankton gauze with a mesh size of 500 pm in order to prevent the escape and entry of grazers. In Exp. l-4, freshly collected grazers were used. In Exp. 5, grazers were prestarved for 1 d and in Exp. 6 for 2 d. The grazing experiments lasted for 24 h to account for diel variability in grazing. After termination of the experiments, the slides were fixed with Lugol's iodine for algal cell counts.
The biofilm was scraped from the slides and suspended in 20 ml of water. A subsample was permitted to settle in a sedimentation chamber and was counted according to the inverted microscope technique. Counts of 400 ind. give a 95% C.L. of -& 10% if cells are randomly distributed (Lund et al. 1958) . Another subsample was rinsed with distilled water and soaked in 30% H,O, for 3 d in order to clean diatom frustules. A part of this subsample was used for counting the tube-dwelling diatom Amphipleura rutilans. This was necessary because A. rutilans had been distributed too patchily for reliable counts in the sedimentation chambers with the undigested subsample. The remaining subsample was mounted in Naphrax on microscopic slides for the taxonomic identification of difficult diatom species. Analysis was restricted to the four to six most abundant species in each experiment. In the case of small (8-30-pm) Navicula spp., analysis had to be restricted to the genus level because there were several very similar species within this size category. Biomass was estimated as cell volume by approximation to standard geometric solids after microscopic measurement of 20 ind. per species and experiment. In Exp. 5, cell volume measurements were made for each tube separately. There were no significant changes of cell volumes [25] [26] [27] [28] [29] 0, 1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 0, 1, 2, 3, 5, 7, 9, 10, 11, 0, 1, 2, 3, 5, 7, 9, 10, 11, [12] [13] [14] [15] [16] [17] [18] [19] [20] 0, 0, 1, 1, 1, 2, 2, 2, 3, 3, 3, 4, 4, 4, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 0, 0, 1, 1, 1, 2, 2, 2, 3, 3, 3, 4, 4, 4, 5, 5, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 0, 0, 1, 1, 1, 2, 2, 2, 3, 3, 3, 4, 4 between experiments and within Exp. 5. Growth rate calculations could therefore be made equally well from biomass (B) and from cell numbers. Net growth rates were calculated according to the equation r = (In B, -In B,)l(t, -tl), with the interval in this case being 1 d.
Results
Periphyton growing on the glass slides had a species composition similar to the periphyton growing on stones nearby. During the entire study period, diatoms were the dominant component of periphyton (>95% of biomass). The most important diatom species were A. rutilans (cell vol., 980 + 465 pm3), Fragilaria (=Synedra) tabulata (7,500 + 3,200 pm"), Navicula spp. (300 k 185 pm"), Licmophora ehrenbergii (2,800 Ir. 1,200 pm3), and Cocconeis scutellum (570 f 210 pm"). The only important green alga was Ulothrix implexa (1,100 +. 370 pm3). Cyanobacteria were represented by Lyngbya confervoides (460 t 190 pm3) and Spirulina subsalsa (5 + 2.2 pm3). Between experiments, there were considerable shifts in taxonomic composition. The biomass of the starting samples on 25 June contained 57% A. rutilans and 39% F. tabulata. Total biomass was relatively low (26 X lo6 pm3 cm-2). During the following weeks biomass strongly increased (240 X lo6 on 8 June and 440 X lo6 pm3 cm-2 on 10 June). L. ehrenbergii became the dominant species (85% on 8 June, 74% on 9 June). During the August experiments (19-22 August), biomass was still higher (800-920 X lo6 pm3 cmd2) and was dominated by A. rutilans (>97%).
There was a small amount of cannibalism between I. cheZipes during the course of the experiments in 11 of 82 cases. When the number of I. chelipes found at the end of the experiment was less than the original number, the arithmetic mean between starting and end number was used for data analysis. A plot of net growth rates over Zdothea numbers (Fig. 2) shows all three anticipated types of response-linear decline, nonlinear decline, and a unimodal response. The response curves were fitted to the actual data by a secondorder polynomial regression (Table 2) . A linear response was assumed if the quadratic term was insignificant (five cases). The quadratic term was then omitted. A nonlinear decline is characterized by a significant quadratic term and negative signs before the linear response and the quadratic term (11 cases). A unimodal response is characterized by a positive linear response and a negative quadratic term (15 cases diatoms L. ehrenbergii, F. tabulata, and Navicula spp. and only during Exp. l-3. Navicula spp. never showed a unimodal response. The diatoms L. ehrenbergii, F. tabulata, A. rutilans, and the cyanobacterium S. subsalsa showed a unimodal response in all experiments during August (4-6). Prestarvation of I. chelipes (1 d in Exp. 5, 2 d in Exp. 6) had no impact on the degree of nonlinearity.
Specific grazing rates (g = y/G) were calculated as shown in Fig. 3 . A linear regression was fitted through the linearly descending pa;? of the response curves. Linearity was assessed by sequentially removing data points in ascending order of grazer density until the quadratic term of the polynomials becane insignificant (P > 0.05). The y-axis intercept of the linear regressions was assumed to represent the maximal growth rate (p,,,,,). The negative slope of the regression line r'epresented the specific grazing rate. Despite relatively large standard errors of the ,x,,,, estimates, there was a satisfactory intraspecific replication between experiments ( Table 3 ). The standard errors of g were quite small, and a clear distinction emerged between heavily grazed (g = 0.41-0.68 d-I) and less heavily grazed species (g = 0. lo-0.24 d-l). Presr:arvation of I. chelipes had no impact on the estimate of g. Table 2 . Second-order polynomial regressions of algal net growth rates (r) on grazer number (G) ("P < 0.05, **P -c 0.01, ***p < 0.001).
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Discussion
Grazer-density gradients as a tool for estimating grazing rates and the effects of resource regeneration are well established in plankton ecology. Experiments of that type fall into two categories. If grazers clearly differ in size from their food organisms or can be added individually, grazer densities can be manipulated without manipulating the density of food organisms (Lehman and Sandgren 1985; Sterner 1986; Elser et al. 1988) . If grazers cannot be well separated from their food, the entire plankton community is diluted by filtered seawater or lake water (Landry and Hasset 1982; Andersen et al. 1991) . For the former type of experiments, some background of uncontrolled micrograzer activity has to be accepted. In the latter type, changes in density-dependent growth limitation cannot be excluded.
My experimental design conformed to the grazer-only manipulation type. As with analogous plankton experiments, my design was not perfect because protozoa and microscopic metazoa within the periphyton community could not be excluded. This effect could have biased the outcome because micrograzers are probably eaten by I. chelipes. Thus, higher additional grazing losses are expected in the low I. chelipes treatments. As a result, pmax would have been underestimated and g would have been overestimated. It seems quite improbable that any effect would have been strong, because larger protozoa (>5 pm; mainly ciliates) and metazoa were extremely rare with an abundance of <0.05% of the algae. Flagellates of <5 pm were more common, but they are not expected to feed on the algae under study (>8 pm), By first fitting a quadratic curve to the data and then a linear regression to a part of the dataset is not the optimal procedure from a theoretical point of view. It would have been more elegant to use a single equation that combines the Monod equation of nutrient-limited growth and a linear relationship between the grazing rates and grazer density. Such an equation needs four parameters-the growth rate in the absence of grazers (p,), the maximal growth rate enhancement by nutrient regeneration &; pmax = C-L, + &, the specific grazing rate (g), and a saturation constant (K, analogous to k, in the Monod equation, but expressed in grazer equivalents instead of nutrient concentrations):
(1) I attempted to fit such an equation by nonlinear regression analysis. The goodness-of-fit was most satisfactory (r2 > 0.80) and the estimates of g were similar to those obtained by the linear model, although with somewhat wider confidence limits. The other parameters, however, had unacceptably wide confidence limits and the estimates of p,,,,, sometimes exceeded any realistic range. Apparently, the four-parameter model is extremely sensitive to the scatter in the nonlinear part of the curve. There is also a theoretical objection against Eq. 1, i.e. it explicitly assumes nutrient regeneration as the cause of an increase of p with grazer density. As stated above, there are other explanations that cannot be ruled out unless nutrients are manipulated independently of the grazer manipulation.
A scatterplot of pm,, vs. g (Fig. 4) shows two groups of species. The filamentous green alga U. implexa and the unicellular diatoms L. ehrenbergii, F. tabulata, Navicula spp., and Cocconeis costata grow fast and suffer high grazing Table 3 . Estimates of nutrient saturated growth rates (pm,,) and specific grazing rates (g) obtained from linear regressions of net growth rates over grazer numbers for the linear part of the response curves (*P < 0.05, **P d: 0.01, ***P < 0.001). losses. The fast-growing, well-edible algae cover a relatively wide range of sizes and life forms. U. implexa has long (several 100 pm to cm long, 8-15 pm wide) filaments with an erect growth mode. L. ehrenbergii (60-80 pm long) is a sessile diatom with cells connected to the substrate by erect, gelatinous stalks. F. tabulata is also sessile and has needleshaped cells (50-200 ,um long) that are attached to the substrate at their cell ends by small gelatinous pads. Navicula spp. (8-30 pm) and C. costata (12-30 pm) are motile and move in close contact to the substrate surface. The diatom species grew both on the primary substrate and epiphytically on filamentous algae. Apparently, none of the above morphological properties seems to be protective against Idothea grazing.
A. rutilans and the cyanobacteria Lyngbya confervoides and S. subsalsa grow slowly and suffer modest grazing losses. A. rutilans forms long (several cm) gelatinous tubes that are filled with numerous longitudinally oriented cells 20-35 pm in length. During late spring and summer A. rutilans is frequently dominant in hard-surface periphyton of the region. The gelatinous tubes might act as a protective agent against grazing. I. chelipes might actively avoid it because the gelatinous material has a low organic content per volume and thus makes the alga nutritionally poor. Otherwise, the gelatirous tube might act as a protection against digestion, as has been frequently shown for gelatinous phytoplankton and their grazers (Porter 1973; Sommer 1988; Sterner 1989) . The size of the gelatinous tubes probably has no protective effi=ct against a grazer that is capable of biting pieces from macroalgae such as Fucus.
L. confervacea and S. subsalsa have a prostrate growth form. L. confenacea is not typical for hard-substrate periphyton, but is more common on sandy sediments. S. subsalsa at times for,ms dense mats on hard surfaces, but in my experiments it w2.s only represented by single filaments. Possibly, filaments growing directly on the substrate surface are more difficult to be picked by a grazer than are erect filaments such as Ulothrix. A selective avoidance of cyanobacteria because of nutritional inadequacy or toxicity has been frequently observed in planktonic herbivores (for a review, see Lampert 198'!) , but evidence for benthic grazers is still scarce. Mulholland et al. (1991) and Power et al. (1988) reported an avoidance of benthic cyanobacteria by insect larvae in streams, and Neckles et al. (1994) Except for the five cases of a linear response, the algae were strongly nutrient limited in most cases. The y-axis intercept of the regressions in Table 2 can be interpreted as gross growth rates (p) in the absence of grazing and nutrient excretion by I. chelipes if grazing by micrograzers is negligible, as argued above. In 22 (71%) cases, p was <OS of pmaX; in 17 cases (55%), it was CO.25 of ,x,,,,,. The strength of growth limitation as expressed by the quotient @,u,,, (Goldman et al. 1979) varied significantly between species (ANOVA; F = 5.025, P < 0.005). Again, the same grouping of species occurred. The species with high resource-saturated growth rates and grazing susceptibility were less strongly nutrient limited than were the species with low resourcesaturated growth rates and low grazing losses.
Why do grazing-resistant algae grow more slowly? In phytoplankton, this tradeoff is usually ascribed to size. Smaller herbivores that usually ingest smaller algae are more common than large ones, and even for the larger herbivores there is an upper size limit of edible food particles (Sterner 1989) . On the other hand, there is a well-known tendency of smaller organisms to grow slower than large ones (Peters 1983 ). This trend is weaker in microalgae than in other groups of organisms, but is still detectable if algal sizes differ by several orders of magnitude (Banse 1982; Sommer 1989 ). Here, no relationship was found between cell size and growth rates, probably because of a size range that was too narrow. The slow growth of the grazing-resistant species has two components-a lower p,,,,, and a bigger extent of resource limitation. The lower pmax is probably best explained by the costs of allocating material and energy into defense mechanisms, possibly repellent metabolites in the cyanobacteria and the gelatinous tube in A. rutilans. The stronger resource limitation seems to be a consequence of their growth form. Because of their prostrate growth on the bottom of the biofilm, S. subsalsa and L. confervoides have least access to CO, and mineral nutrients and are most strongly affected by shading. The gelatinous tubes of A. rutilans protrude into the free water but they might slow down diffusion of solutes to the cells.
How important are the observed interspecific differences in edibility between the different periphyton species? This question has two aspects-the importance for the nutrition of I. chelipes and the importance for the relative fitness of different periphyton species. The degree of selectivity between the well-edible and the less edible species is insufficient to lead to an impressive discrepancy between the relative biomass of food algae in the periphyton and in the diet of I. chelipes, especially if the resistant algae are either very rare (July experiments) or very dominant (August experiments). At medium relative abundances, there are notable but still quite small differences between the composition of the periphyton and the composition of the diet. If we assume that the species-specific ingestion rate is proportional to the product of g and B of each algal species, the following estimates can be made for the experiment on 8 June. A. rutiZans comprised 57% of the periphyton biomass but only 41% of the diet in the one Idothea treatment. F. tabulata comprised 39% of the periphyton biomass and 52% of the diet.
The restricted importance of feeding selectivity for the diet of I. chelipes is contrasted by a strong selection pressure of I. chelipes in favor of the less edible algae. This selection effect could already be seen within the 24-h incubation time of my experiments. In all experiments the relative abundance of the resistant algae decreased at low I. chelipes densities and increased at high ones. This was especially impressive in the July experiments, where an initial relative biomass of <5% was converted into a relative biomass of -80% at the highest grazer densities (Fig. 5) . A linear regression of the relative biomass of resistant algae at the end of each experiment showed that a grazing pressure of 1.5-2 Idothea ind. per tube would retain the initial proportions between welledible and less edible algae.
Dominance by A. rutilans near the surface and by S. subsalsa at greater depth is a common phenomenon in the periphyton of the Western Baltic Sea during summer. This resembles the well-established succession toward grazing-resistant cyanobacteria, dinoflagellates, and colonial algal species in phytoplankton (Sommer 1996; Sommer et al. 1996; Sterner 1989) . However, it is not yet known to what extent the seemingly analogous pattern in periphyton is really caused by the selectivity of macrozoobenthic grazers. My experiments have shown the potential of grazing to drive succession in periphyton communities, but estimates of the grazing pressure in situ are still lacking and alternative explanations have still to be tested.
